Abstract: Diabetes mellitus is a metabolic disease associated with multiple organ damage, dysfunction and failure. Metformin is widely used to treat diabetes, but regular exercise also improves metabolic control in diabetic individuals and has an important role in the management of this disease. In this work, we compared the effects of metformin and physical training in diabetic male Wistar rats. Four groups of rats were used: (n=6 per group): sedentary control (SC), sedentary diabetic (SD), trained diabetic (DT) and metformin diabetic (MD). Diabetes was induced with alloxan (30 mg/kg, b.w.). The physical training protocol consisted of a 1 h swimming session/day, five days/week for eight weeks with a load corresponding to 5% of the body weight. Metformin treatment consisted in 1.4 mg/ml per day, administered in the drinking water. At the end of the experimental period, the rats were sacrificed and blood was collected to measure serum glucose, insulin and albumin. Glycogen was quantified in gastrocnemius muscle, liver and heart, the protein/DNA ratio was mensured in liver and heart triglycerides was also measured in the heart. Diabetes reduced the serum insulin and liver glycogen levels and the protein/DNA ratio, but increased the serum glucose and heart glycogen levels; there were no significant variations in serum albumin levels. Physical training increased the muscle glycogen level. Physical training and metformin were equally effective in reducing the serum glucose concentration and in restoring the hepatic and cardiac glycogen stores and the hepatic protein/DNA ratio in diabetic rats. These results show that chronic exercise was as effective as metformin in improving the metabolic profile of diabetic rats and in preventing diabetes-induced alterations.
INTRODUCTION
Diabetes is currently a major health problem worldwide. Type 1 and type 2 diabetes are characterized by hyperglycemia caused by defects in insulin secretion and/or insulin action that may lead to complications such as nephropathy, retinopathy and cardiovascular disease [1] . In addiction to its primary effects on glucose metabolism, insulin promotes a number of other cellular events such as regulation of ion and amino acid transport, lipid metabolism, glycogen synthesis, gene transcription and mRNA turnover, protein synthesis and degradation and RNA synthesis, in several organs including liver heart and skeletal muscle [2] . Therefore the hypoinsulinism in type 1 diabetes causes several disturbances in liver glucose and fat metabolism [3] . Heart also is an insulin responsive organ and patients with diabetes show an increased risk of heart failure, associated to alterations in fatty acid and decreased glucose consumption [4] .
The treatment of diabetes includes nutritional control, physical exercise and appropriate medication [1] . Metformin (dimethylbiguanide) is an antihyperglycemic agent used to treat diabetes. Metformin decreases liver glucose production and intestinal glucose absorption and has variable lipidlowering effects that slow the development of diabetes.
*Address correspondence to this author at the Av. Armando Salles de Oliveira, 1574, ap.72, Piracicaba, São Paulo, Brasil, Cep 13400-000; E-mail: zecuriacos@terra.com.br Potential targets for the action of metformin include the insulin receptor (IR), the glucagon receptor, glucose transporters and AMP-activated protein kinase (AMPK) [5, 6] .
Regular exercise improves metabolic control in diabetic individuals and has an important role in the management of this condition. Several mechanisms may act locally to improve glucose uptake and disposal after exercise. These include increased muscle blood flow, insulin binding to the insulin receptor, insulin receptor turnover and glucose transport by stimulating GLUT4 translocation to the muscle cell surface, thereby attenuating many effects of diabetes [7, 8] .
Since treatment with metformin and regular exercise are important measures in the treatment and control of diabetes [1] , in this study we investigated the effects of physical training and metformin on metabolic parameters in alloxan diabetic rats.
METHODS

Study Design
Male Wistar rats (175-200 g, 38 days old) obtained from the Central Animal Breeding Center at UNESP, Botucatu, were used in this study. The rats were housed in the Biodynamic Laboratory in the Department of Physical Education at UNESP-Rio Claro on a 12 h light/dark cycle with free access to water and standard rodent chow (Purina ® ). The animal experiments were done in accordance with the cur-rent Brazilian legislation and the guidelines of the Brazilian College of Animal Experimentation (COBEA).
Induction of Diabetes
Diabetes was induced by a single intravenous injection of alloxan (30 mg/kg, b.w.; Sigma). Five days later, the plasma glucose concentration was determined in blood samples obtained from rats in the fed state. Rats that were not diabetic (<14.7 mmol/L) or that were extremely diabetic (>35.5 mmol/L) were excluded from the study.
Experimental Design
Rats were randomly allocated to one of four groups (n=6 per group): sedentary control (SC), sedentary diabetic (SD), trained diabetic (DT) and metformin diabetic (MD). The training included daily swimming with a load corresponding to 5% of the body weight for 1 h/day, five days/week for eight weeks. Metformin was dissolved in free access water (1.4 mg/ml) for eight weeks. Along this period, the rats were weighed once a week.
Serum and Tissue Sample Collection
At the end of the training period, the hematocrit was determined at rest to ensure that the hormone and metabolite concentrations were not influenced by changes in plasma volume. The rats were sacrificed 48 h after their last training session and blood samples were collected for the determination of glucose and insulin levels. Samples of heart, liver and muscle were collected for the quantification of glycogen and triglycerides (heart), and determination of the protein/DNA ratio (liver and heart).
Analytical Methods
Serum glucose was measured by a colorimetric method [9] and serum insulin was determined by radioimmunoassay (RIA Coat-A-Count kit/DPC ® , Los Angeles, CA, USA). Glycogen [10] , triglyceride [11] , protein [12] and DNA [13] levels were quantified using standard colorimetric assays.
Statistical Analyses
The results were expressed as the mean±SD. All statistical comparisons were done using one-way analysis of variance (ANOVA) followed by the Bonferoni multiple comparisons test. A value of p<0.05 indicated significance.
RESULTS
Diabetes increased the blood glucose levels, but this increase was attenuated by physical training or the administration of metformin ( Table 1) . Blood insulin was reduced in all of the diabetic groups. There were no significant differences among the serum albumin levels of the experimental groups but the glycogen content of gastrocnemius muscle was increased in trained diabetic rats. Fig. (1) shows that diabetes decreased body weight after the sixth week of experiment and both physical training and metformin were able to recover this parameter.
In liver, diabetes reduced the glycogen content and protein/DNA ratio, but these were restored by physical training or treatment with metformin (Fig. 2) .
Diabetes also increased the cardiac glycogen level (Fig.  3) but this increase was prevented by both physical training and treatment with metformin. There were no significant alterations in the heart triglyceride content (Fig. 3) or the protein/DNA ratio ( Table 3) . 
DISCUSSION
Physical training and the administration of metformin are important approaches in the treatment of diabetes. Metformin is widely used for the treatment of diabetes mellitus. It ameliorates hyperglycemia without stimulating insulin secretion, promoting weight gain or causing hypoglycemia [14, 15] . In addiction, metformin has beneficial effects on circulation lipids linked to increased cardiovascular risk [14] [15] [16] . On the other hand, endurance training increases insulinstimulated muscle glucose transport and leads to improved metabolic control in diabetic patients, preventing diabetes complications [8] . In this study, we compared the effects of physical training or treatment with metformin on several metabolic parameters in diabetic rats As expected, alloxan-induced diabetes reduced the blood insulin levels in all of the diabetic groups (SD, TD and MD) and increased the blood sugar levels in sedentary diabetes. Physical training and metformin restored blood glucose lev- 
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The Open Clinical Chemistry Journal, 2008, Volume 1 15 els in TD and MD rats. Chronic exercise reduces serum glucose in diabetic animals and humans [17, 18] , improves glucose uptake, increases muscle blood flow and insulin binding to the insulin receptor, and enhances insulin receptor turnover. The enhanced responsiveness to insulin results partly from modulation of the insulin signaling pathway at different levels [19] . In particular, the insulin receptor substrate (IRS)/phosphoinositol 3 (PI3)-kinase pathway may be linked to the activation of glucose transport and glycogen synthesis in muscle, and an increase in this association in the muscle of trained animals and humans may have an important role in the responsiveness to insulin [9, 20] . Metformin also decreases glycemia reducing gluconeogenesis, lowers circulating lipid (VLDL, triglycerides and free fatty acids) levels, increases GLUT-4 gene expression, and attenuates hepatic PEPCK gene expression. The effects of metformin involve the insulin receptor, the glucagon receptor, glucose transporters and AMPK [21] . The lack of significant variations in the serum albumin concentrations among the groups indicated that dehydration was not an important factor in the changes seen here [22] . Physical training increased the muscle glycogen content in diabetic rats. The effects of exercise on muscle glycogen are well known [23, 24] . The exercise-induced replenishment of muscle glycogen seen here in diabetic rats agreed with the reported correlation between PI3-kinase activity and glycogen synthesis in muscle [23] . Metformin increases AMPK activity, thereby increasing glucose consumption in skeletal muscle of diabetics, with a consequent decrease in muscle glycogen concentrations [25] . However, the lack of change in muscle glycogen seen here in diabetic rats meant that there were also no changes in metformin-treated diabetic rats. Fig. (3) . Cardiac glycogen (mg%) levels, Protein/DNA ratio and triglycerides (mIU/ml) levels after 8 weeks of experiment. Values are means ± SD; n = 6 per group. SC (Sedentary Control); SD (Sedentary Diabetic); TD (Trained Diabetic); MD (Metformin Diabetic). ap<0.05 compared to SC (ANOVA).
Diabetes increased the heart glycogen content, whereas physical training and metformin attenuated this increase. An increase in glycogen synthase activity enhances the heart glycogen content [26] and, in diabetic rats, there is also a decrease in GLUT 4 translocation and protein kinase B activity [27] . The findings of the present study in diabetic rats agree with previous investigations that reported a similar decrease in cardiac glycogen content after physical training in animals [28] . The decrease in liver glycogen in diabetic rats was prevented by physical training or metformin. Chronic exercise and metformin active hepatic AMPK to adversely affect hepatocyte glucose production by inhibiting gluconeogenesis and glucogenolysis [29] . The changes seen here may have resulted from a higher total hepatic glycogen synthetase activity and a lower phosphorylase activity that increased the hepatic glycogen content [30] .
The storage of triglycerides and the mobilization of this energy source as free fatty acids are regulated by genetic, nutritional, hormonal and paracrine factors [31] . As shown here, there were no significant changes in the heart triglyceride levels in any of the groups. Triglyceride accumulation is common in diabetic hearts and may reflect both the inhibition of lipolysis and enhanced lipogenesis resulting from high levels of exogenous free fatty acids and glucose. The lack of significant changes seen here may be related to a decrease in myocyte neutral lipase activity and an increase in lipoprotein lipase activity [26, [32] [33] [34] [35] .
Tissue growth can be assessed by estimating the cellular protein/DNA ratio [35] . In the present study, neither diabetes nor any of the interventions (physical training or metformin) significantly altered the cardiac myocyte size in rats (there were no differences in the protein/DNA ratios). In contrast, cellular hypotrophy was observed in the liver of diabetic rats but was prevented by physical training or treatment with metformin. This could be explained, at last in part, by the insulinopenic conditions of the diabetic rats that decrease protein synthesis in rat liver and decreases protein degradation, that was recovered by physical training and metformin administration [5, 33, 36] .
In conclusion, the results of the present study show that chronic exercise is as effective as metformin in improving the metabolic profile of diabetic rats and in preventing diabetes-induced alterations. Future studies should assess the effects of combined metformin treatment and exercise training on metabolic parameters in diabetic rats.
